Mussel foot protein-1 (mfp-1) is an essential constituent of the protective cuticle covering all exposed portions of the byssus (plaque and the thread) that marine mussels use to attach to intertidal rocks. The reversible complexation of Fe 3+ by the 3,4-dihydroxyphenylalanine (Dopa) side chains in mfp-1 in Mytilus californianus cuticle is responsible for its high extensibility (120%) as well as its stiffness (2 GPa) due to the formation of sacrificial bonds that help to dissipate energy and avoid accumulation of stresses in the material. We have investigated the interactions between Fe 3+ and mfp-1 from two mussel species, M. californianus (Mc) and M. edulis (Me), using both surface sensitive and solution phase techniques. Our results show that although mfp-1 homologues from both species bind Fe 3+ , mfp-1 (Mc) contains Dopa with two distinct Fe 3+ -binding tendencies and prefers to form intramolecular complexes with Fe 3+ . In contrast, mfp-1 (Me) is better adapted to intermolecular Fe 3+ binding by Dopa. Addition of Fe 3+ did not significantly increase the cohesion energy between the mfp-1 (Mc) films at pH 5.5. However, iron appears to stabilize the cohesive bridging of mfp-1 (Mc) films at the physiologically relevant pH of 7.5, where most other mfps lose their ability to adhere reversibly. Understanding the molecular mechanisms underpinning the capacity of M. californianus cuticle to withstand twice the strain of M. edulis cuticle is important for engineering of tunable strain tolerant composite coatings for biomedical applications.
■ INTRODUCTION
Protective coatings are used in manufacturing to improve the abrasion, scratch, corrosion, and ultraviolet-light resistance of target surfaces and thereby adds significantly to product performance and value. Current coating applications based on polymers are limited by the high modulus/low strain (epoxies) or low modulus/high strain (polyurethanes) of available polymers, 1−3 but could be significantly diversified with polymers that were both stiff and extensible. Natural composite coatings of marine mussels involve prefabrication of granules and matrix in secretory cells of the accessory gland located in the foot. During thread formation, the granule/matrix blend is released over the collagenous thread core in a process similar to injection molding. Upon equilibration with seawater, the blend matures into a hard coating cross-linked by coordination with Fe 3+ complexes. 4−6 The naturally occurring polymeric coatings of mussel byssus have a modulus of 2 GPa and strains of about 75 and 120% in Mytilus galloprovincialis (Mg) 4 and Mytilus californianus (Mc), 5, 6 respectively, making them among the most energy tolerant coatings known. 3 Previous characterizations of byssal coatings have detected Fe 3+ and a 3,4dihydroxyphenylalanine (Dopa)-containing protein known as mussel foot protein 1 (mfp-1). 7, 8 Resonance Raman microscopy indicates that Fe 3+ and Dopa are coupled as tris-catecholato−Fe 3+ complexes in the coatings and are proposed to provide reversible protein cross-links between mfp-1 proteins. 6 This cross-linking has been recapitulated in vitro in mixtures of isolated mfp-1 and Fe 3+9 and increases the stiffness of mfp-1 gels. 10 Similar results were obtained with synthetic and natural catechol-functionalized polymers and Fe 3+11−13 and metal cations. 14 More recently, Dopa−Fe 3+ complexes were proposed to contribute to the strong and reversible irondependent cohesion energy (∼4 mJ/m 2 ) between two monolayers of mfp-1 from M. edulis. 15 Homologous proteins from closely related species often provide unique opportunities for gaining mechanistic insights into structure−function relationships as well as biochemical adaptations to the environment. 16, 17 In this spirit, we investigated the cohesive and adhesive properties of an mfp-1 homologue from a related mussel, M. californianus (Mc), whose byssal coating has an ultimate strain in excess of 120% 4,5 and also contains Dopa−Fe 3+ complexes. Mfp-1 from both species consists of tandem decapeptide repeats: the consensus decapeptide PKISYP**P*TY*K (where P*, P**, and Y* denote trans-4-hydroxyproline, dihydroxyproline, and Dopa, respectively) in Mc is highly similar to AKPSYP**P*TY*K in Me and Mg; 18, 19 indeed, apart from the inverted order of the first three amino acids, the only net change is an A → I substitution. A preliminary study of cohesion in two symmetric Mc mfp-1 monolayers using the surfaces forces apparatus (SFA) showed significantly greater intrinsic cohesion than its homologue from Me (cohesion energy, W c ∼ 1.7−3.4 mJ/m 2 in Mc vs W c ∼ 0 in Me 20 ). Given the prominence of mfp-1 and iron in the composite structure of byssal cuticle, we investigated the protein and Fe 3+ concentration-dependent cohesion of mfp-1 at different pH values. Despite their similar sequences, mfp-1 (Mc) and mfp-1 (Me) films exhibit strikingly different cohesive properties with and without Fe 3+ in the surface forces apparatus. Understanding these differences will help inspire the design of future biomimetic polymers or recombinant mfp-1 proteins for biomedical and functional coatings for wet adhesion and friction applications. 21−25 ■ EXPERIMENTAL SECTION Purification of Mfp-1 (Mc and Me). Mfp-1 was purified as described previously 26 with some modifications. Briefly, flash frozen Me mussel feet were provided by NorthEast Transport (Waldoboro, Me, U.S.A.). Mc mussels were collected from Goleta Pier, (Santa Barbara, CA), and held in circulation tanks. The mussels were shucked and the foot was severed from the body and frozen to −70°C before fileting off the pigmented epithelium. Approximately 50 prepared feet of Mc or Me were homogenized in four equivalents (w/v) of 5% acetic acid (v/v), 10 μM leupeptin, 10 μM pepstatin, and 1 mM EDTA in a glass Kontes tissue grinder (Vineland, NJ) on ice and centrifuged at 20000 × g, 4°C for 40 min. The supernatant was acidified with 70% perchloric acid to a final concentration of 1.5% (v/v). After centrifugation at 20000 × g, 4°C for 40 min, the supernatant was dialyzed 4 × 4 L of 5% acetic acid (v/v) for ≥4 h with 1000 kDa molecular weight cutoff dialysis tubing (Spectrum Industries, Los Angeles, CA) before freeze-drying. The lyophilized protein was resuspended in 200 μL of 5% acetic acid (v/v) and 50 μL aliquots were run over a Shodex KW-803 size exclusion column (5 μm, 8 × 300 mm; New York, NY). Fractions were monitored at 280 nm and those positive for protein were subjected to acid-urea polyacrylamide gel electrophoresis (7.5% acrylamide and 0.2% N,N-methylenebis-(acrylamide)) containing 5% acetic acid and 8 M urea. 27 After electrophoresis, gels were stained with Sigma-Aldrich Coomassie Blue R-250 (Brooklyn, NY). Pure mfp-1 fractions were pooled and aliquoted before freeze-drying and stored at −70°C for future use.
To avoid confusion about the mussel species referred to, namely, Mytilus californianus, M. edulis, and M. galloprovincialis, the following clarification is added: Mytilus californianus is a distinct species. However, M. edulis, with M. trossulus and M. galloprovincialis, is one of three subspecies of the well-known Mytilus complex. The three species are genetically distinguishable at only one known genetic locus, 28 interbreed, and have viable hybrid offspring. 29, 30 Mfp-1 in the 3 species consists mostly of tandemly repeated AKPSYPPTYK sequences. 28 Given these, we have assumed that the cuticle properties of Mytilus complex species are indistinguishable. Indeed, an earlier study also concluded this for the mechanical properties of byssal threads from Mytilus complex species. 31 Measuring the Adhesive/Cohesive Interactions. The surface forces apparatus (SFA, SurForce LLC) was used to measure the normal forces between two mica surfaces in a cross-cylindrical geometry (glued onto two cylindrical glass surfaces with Epoxy EPON Resin 1004F glue) as a function of the separation distance, D, between them and has been described elsewhere. 32, 33 Mfp-1 (Mc) films were made by adsorbing 50 μL of the protein from a C fp1 = 10−100 μg/mL in a buffer solution (0.1 M sodium acetate buffer, pH 5.5, 0.25 M KNO 3 , and 1 mM bis−tris) onto the mica surfaces for 30 min, then rinsing the excess protein with the same buffer. During the protein adsorption, the discs were kept in a saturated Petri dish to minimize evaporation of the water from the surfaces. The discs were then mounted in the SFA in one of two configurations. In an asymmetric configuration ( Figure S3 ), the mussel protein was adsorbed on one surface in order to measure the interaction (adhesion) between the mfp-1 (Mc) film and the mica surface.
In a symmetric configuration (Figure 1 ), the mussel protein film was deposited on both surfaces in order to measure cohesion between the protein films. Cohesion was tested with and without iron. Iron solutions 1, 10, 100 μM FeCl 3 in acetate buffer (as above) were freshly made and added to the symmetrically deposited protein by injection of progressively higher concentrations of Fe 3+ between the surfaces. The pH of the solution between the surfaces was increased to 7.5 by rinsing with a phosphate buffer (0.1 M potassium phosphate, pH 7.5, 0.25 M KNO 3 ).
The protein films were always hydrated (i.e., never allowed to dry) and a droplet of the acetate buffer was injected between the surfaces immediately after loading in the SFA. During a typical approachseparation force measurement cycle, the surfaces were first moved toward each other (approach) until reaching a "hardwall" and then separated. The hardwall distance is the separation distance between the two mica surfaces upon compression that does not change with increased compression. The energy of interaction between two crossed-cylinder geometry, roughly corresponds to a sphere of radius R approaching a flat surface based on the Derjaguin approximation,
is the energy of interaction per unit area between two flat surfaces and F(D) is the measured force of interaction in the SFA. The measured adhesion (or cohesion) force F ad (or F c ) is related to the adhesion (or cohesion) energy per unit area by W ad = F ad /2πR for rigid surfaces with weak adhesive interactions and by W ad = F ad /1.5πR (used in this study) for soft deformable surfaces with strong adhesion or cohesion. 34, 35 AFM Imaging Proteins at the Interface. Images were acquired using MFP-3D-Bio Atomic Force Microscope (AFM, Asylum Research) using SNL (Sharp Nitride Lever) probe (Bruker) in tapping mode at room temperature (22°C). Mfp-1 (Mc) was deposited on a mica surface (area ∼ 1 cm 2 ) by adsorbing 50 μL of the protein from a 10, 25, 50, and 100 μg/mL in the buffer solution at pH 5.5. The protein film roughness was obtained by analyzing the AFM image using the software Gwyddion v.2.36 and has been described previously. 22 Cyclic Voltammetry (CV). The CV measurements were performed using a three electrode electrochemical setup consisting of a carbon paste working electrode (WE), platinum counter electrode (CE), and a Ag|AgCl (3 N KCl) reference electrode (RE) and has been described elsewhere. 36 The electrochemical potential was controlled using a Gamry potentiostat (Reference 600 Series). A total of 5 μL of 50 μg/mL of the mfp-1 (Mc; or 10 μL of 20−100 μg/ mL mfp-1 (Me) was dissolved in 1 mL buffer solution (10 mM NaCl and pH 3.7) and a triangular wave potential sweep was applied on the WE between chosen negative and positive limits and the cycle was repeated three times from measuring CV profiles. Higher concentrations of mfp-1 (Me) were used for the measurements to get a Dopa oxidation current peak similar or more than the mfp-1 (Mc). This strategy provides a better understanding of the Dopa−Fe complexation mechanism in the proteins and has been discussed in the results and discussion sections. The measurements were also done in the buffer solution with 10 μM Fe 3+ to test the effect of ferric ions on the oxidation behavior of the proteins.
■ RESULTS

Cohesive Interactions between the mfp-1 (Mc) Films.
The first challenge in any study involving surface forces between symmetric films is to optimize protein concentrations for film deposition. The cohesion between two symmetrically deposited mfp-1 (Mc) films on the mica surfaces was measured using the SFA (symmetric system, see Figure 1 ). Protein deposition from a solution concentration of C fp1 = 10 μg/mL resulted in no attraction between the protein films. Increasing the protein solution concentration to 25 μg/mL resulted in a cohesion energy of W c = 0.59 ± 0.20 mJ/m 2 between the films (Figure 2) . A further increase to 50 μg/mL doubled the cohesion (W c = 1.24 ± 0.40 mJ/m 2 ). At C fp1 = 100 μg/mL, cohesion decreased significantly to W c = 0.18 ± 0.04 mJ/m 2 (Figure 2 ). The surfaces exhibited poor bridging cohesion 32 at C fp1 = 25 and 100 μg/mL compared with mfp-1 (Mc) bridging at C fp1 ∼ 50 μg/mL ( Figure 1) .
Interestingly, addition of Fe 3+ did not change the cohesion force measured between the mfp-1 (Mc) films significantly for C Fe 3+ = 0−100 μM ( Figure S1 ). These results are in stark contrast to the behavior of mfp-1 (Me), a homologue from M. edulis, where at pH 5.5, 10 μM Fe 3+ caused two noninteracting mfp-1 (Me) protein films to bridge. 15 In any given experiment, Fe 3+ expanded the mfp-1 (Mc) film on the mica surface progressively with increasing C Fe 3+ . The thickness of the mfp-1 (Mc) film deposited at 50 μg/mL increased from 8.5 to 15 nm between C Fe 3+ = 0 and 100 μM, respectively ( Figure S1 ).
Addition of Fe 3+ has a peculiar effect on cohesion between the protein films even after increasing the pH of the solution to 7.5 (Figure 3 ). Previous studies of a variety of mfps have reported a short-term cohesion loss that was attributed to the oxidation of Dopa to Dopa−quinone, 37−39 but these were done without added Fe 3+ . With mfp-1 (Mc) alone, cohesion at pH 5.5 was robust (W c ∼ 1.4 mJ/m 2 ) with a gradually increasing separation force. Addition of Fe 3+ at pH 5.5 expanded the mfp-1 films from 8 to about 15 nm and stiffened them without changing the cohesion energy. This is consistent with extensive monocomplexation of Fe 3+ , leading to mfp-1 (Mc) film 3 , and 1 mM bis−tris with C Fe 3+ = 0 (gray) and 100 μM (blue) at pH 5.5. The surfaces showed a weak bridging cohesion (W c < 0.2 mJ/m 2 ) after increasing the pH to 7.5 (magenta). It should be noted that C Fe 3+ is the concentration of ferric cation in the bulk solution between the surfaces. Flushing with buffer at pH 7.5 removes iron from the bulk solution, however, to the extent that the preadsorbed protein films already had some bound Fe 3+ , the Dopa−Fe 3+ complexes will be present in them.
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Article DOI: 10.1021/bm501893y Biomacromolecules 2015, 16, 1002−1008 swelling. Switching the pH up to 7.5 will flush out the unbound iron but increase Dopa complexation to the tris catecholate− Fe 3+ mode, hence, condensing the films back to ∼8 nm. There was no correlation between the mfp-1 (Mc) film thickness and the protein film deposition concentration (C fp1 ) for different experiments; however, the measured trends in the adhesive/ cohesive forces of interaction were consistent between experiments for similar deposition conditions. Atomic Force Microscopy (AFM) Images. AFM was used to investigate the protein coverage on the mica surface for different C fp1 . Protein film deposited from a solution concentration of 10 μg/mL resulted in a partial coverage of the mica surface (Figure 4a,a′) . At higher C fp1 of 50 and 100 μg/mL, the mica surface was completely covered with the protein film (Figure 4b ,c,c′).
Cyclic Voltammetry (CV) on Mfp-1. CV measurements were performed on mfp-1 to investigate the oxidation behavior of the coating protein. Mfp-1 (Mc) showed an oxidation peak at E O = 0.385 V corresponding to the oxidation of Dopa to Dopa−quinone. Dopa−quinone gets reduced back to Dopa reversibly at E R = 0.310 V ( Figure 5 ). Mfp-1 (Me), in contrast, exhibited Dopa with slightly lower redox stability at the same conditions (E O = 0.365 V, E R = 0.320 V). The differences in current (I) merely reflect the difference in total Dopa content in the two samples.
The current amplitude (I) of the oxidation peak current of mfp-1 (Mc) was decreased by approximately 60% when excess Fe 3+ (10 μM) was added ( Figure 5 ). This indicates that ∼1/3 of the Dopa in mfp-1 (Mc) does not chelate iron and at pH 3.7 remains unbound in the protein even with excess Fe 3+ . However, current for the Dopa mfp-1 (Me) decreased by ∼90% following 10 μM Fe 3+ addition, suggesting that nearly all the Dopa residues in mfp-1 (Me) chelate Fe 3+ at pH 3.7 ( Figure  5) .
In Solution Fe 3+ Binding by Dynamic Light Scattering (DLS). In solution, size comparisons of mfp-1 (Me) and mfp-1 (Mc) by DLS ( Figure S2 ) showed similar size for mfp-1 (Mc; diameter, d = 35 nm, std. dev. 20 nm) and mfp-1 (Me; d = 41 nm, std. dev. 22 nm) aggregates in the absence of Fe 3+ ( Figure  S2 ). Upon addition of excess iron, mfp-1 (Me) showed an increase in the peak intensity corresponding to the larger aggregate size (d ∼ 277 nm), whereas mfp-1 (Mc) showed no change in size. However, the peak intensity corresponding to the smaller aggregate size increased upon the addition of iron to the mfp-1 (Mc) solution, suggesting that mfp-1 (Mc) monomers are stabilized by Fe 3+ . The increase in the peak intensities of the larger aggregates in mfp-1 (Me)−iron solution is consistent with its tendency to form intermolecular Fe 3+ bonds.
■ DISCUSSION
M. edulis (including the subspecies M. galloprovincialis) and M. californianus both make byssal threads coated with a hard energy-tolerant cuticle. That the toughness of M. californianus coating is much greater than that of M. edulis is due in large part to the former's greater breaking strain (∼120% vs 75%). The coatings of both species are particle-filled composites; however, average particle diameters in M. californianus cuticle are less than a quarter of those in M. edulis. This is important because strain in both cuticles is enabled by microcracking at the interface between the matrix and particles. Because M. californianus affords 5× more particle surface area per unit volume, more interfacial cracks can occur resulting in greater overall strain. Presented in this light, the overarching engineering question can be reduced to "how does M. californianus make smaller particles"?
As the particles or granules are enriched in Fe 3+ and mfp-1 relative to the continuous matrix, 6 a reasonable hypothesis is that the assembly of mfp-1 in the two species into small or large granules is protein-templated. As established in the Introduction, molecular differences between the two mfp-1s seem slight: both consist of tandemly repeated decapeptides that are 80% identical and have a net change of only one amino acid side chain, that is, Ala (in Me) to Ile (in Mc). Conformation of the repeat decapeptide sequence has been investigated only for the Me sequence. A polyproline II or bent-helix has been proposed 40, 41 in which Dopa-5 is less solvent-exposed than Dopa-9. 42 Dopa exposure is important for forming the mono-, bis-, and tris-catecholate complexes with Fe 3+ , 9 with a cumulative log stability of K s ∼ 10, 4543 thereby effectively cross-linking mfp-1. 6, 15 In contrast to previous SFA studies of mfps, we optimized conditions for mfp-1 (Mc) deposition from stock solutions (range 0−100 μg/mL) in order to obtain the highest adhesion or cohesion. Following these regimens, SFA testing of symmetric mfp-1 (Mc) films showed significant cohesion (up to −1.5 mJ/m 2 ) in contrast to mfp-1 (Me), which had little to no tendency for self-interaction at similar conditions. 15 As with other mfps, cohesion was compromised at pH 7.5 (due to Dopa oxidation); however, with added Fe 3+ , intrinsic cohesion was maintained. Notably, the strong Fe 3+ -mediated bridging of symmetric mfp-1 (Mc) films of the type associated with Me (W c = 4 mJ/m 2 ) was absent. This absence persisted at all conditions tested for Fe 3+ (C Fe 3+ = 1−100 μM) and mfp-1 (Mc) C fp1 = 50− 100 μg/mL (Figures S1 and S5) .
Effective load bearing and load transfer between the opposing mfp-1 films on mica require both, strong cohesion between the two mfp-1 films and mfp-1 adhesion to mica. Generally speaking, at pH 5.5, mfp adhesion to mica is strong and attributed to electrostatic attraction between cationic amines (Lys) and surface siloxy anions as well as extensive bidentate hydrogen bonding between the Dopa and the polysiloxy mica surface. 37, 38, 44 The cohesion typically observed between symmetrically deposited mfp films is attributed to πcation interactions between the positively charged Lys residues and the aromatic Dopa and Tyr groups as well as π−π interactions between the phenyl groups; 44−47 however, this cohesion is weak in symmetric mfp-1 (Me). 20 Perhaps, mfp-1 (Me) over-recruits Dopa groups to the mica surface, leaving only the Lys groups to face one another in repulsion. 20 Given the sequence similarity of mfp-1 in the two species this should be a cohesive problem for both proteins. As mfp-1 (Mc) has good cohesion and mfp-1 (Me) does not, the subtle sequence difference may result from fewer Dopa groups recruited to mica leaving more to contribute to cohesion in mfp-1 (Mc).
Effect of Fe 3+ on the Cohesive Interactions between the Mfp-1 (Mc) Films. Most notably, Fe 3+ addition (C Fe 3+ = 1−100 μM) did not affect the cohesive energy measured between the mfp-1 (Mc) films deposited at C fp1 = 50−100 μg/ mL ( Figures S1 and S5 ). This is in stark contrast to the Fe 3+ mediated bridging energy between two mfp-1 (Me) films at ∼2−5 mJ/m 2 (Figure 3b ). 15 DLS results ( Figure S2) show that Fe 3+ addition enhances aggregation in mfp-1 (Me), but not in mfp-1 (Mc). Cyclic voltammetry suggests that only half of the Dopa groups in mfp-1 (Mc) are engaged in forming catecholato−Fe 3+ complexes at pH 3.7. At least 30−40% of the Dopa in mfp-1 (Mc) remains unbound and available for oxidation to Dopaquinone or coordinates Fe 3+ only at higher pH. The latter is more probable. Dopa certainly occurs in two slightly different repeat sequences within mfp-1, that is, P*-S-Dopa-P for Dopa-5 and P*-T-Dopa-K for Dopa-9, but these are common to both Me and Mc homologues. The only evidence It should be noted that each mfp-1 molecule has ∼100 Dopa residues and we present only a few of them to demonstrate the mechanism of metal chelation for the sake of clarity. for a functional difference between the two sequence motifs is that the 9-position is 2−3× more accessible enzymatic modification than the 5-position in mfp-1 (Me). 48 The increased accessibility of Dopa-9, particularly as Dopa-Lys, is likely to be an important factor in mfp adhesion as measured by the SFA. More than half the Dopa in the strongly adhesive proteins, mfp-3f and mfp-5, has Lys or Arg groups flanking Dopa on one or both sides. If the same accessibility that helps Dopa chelate Fe 3+ in mfp-1 (Mc) also helps binding to the mica crystal lattice, then, when a surface and Fe 3+ are both present, there will be competition for accessible Dopa. In preadsorbing mfp-1 (Mc) to mica, many of the accessible Dopa residues are recruited to bind mica. Are the bound and unbound Dopa groups available for coordination to Fe 3+ ? According to resonance Raman spectroscopy ( Figure S6 ), the shifts associated with Dopa−Fe 3+ complexes have similar intensities in mfp-1 from both Me and Mc. Cyclic voltammetry, however, identifies distinct Dopa groups in mfp-1 (Mc) that do not bind iron ( Figure 5 ). The contribution of the non-Fe 3+ binding Dopa to cohesion between opposing mfp-1 (Mc) films must be significant.
It is now possible to model cohesive interactions with and without Fe 3+ in mfp-1 for the two species ( Figure 6 ). Without added Fe 3+ , mfp-1 (Mc) has fewer Dopa groups recruited to the mica surface, so Dopa is available for H-bonding, π-cation, and π−π interactions with the opposing face. With added Fe 3+ , mfp-1 films of both species are endowed with extensive mono-, bis-, and tris-catecholate−Fe 3+ complexes, however, these are primarily intermolecular in mfp-1 (Me) and intramolecular in mfp-1 (Mc; Figure 6 ). As a result, only mfp-1 (Mc) exhibits significant cohesive bridging without Fe 3+ , whereas only mfp-1 (Me) has Fe 3+ -mediated bridging in the presence of Fe 3+ .
Taken together, the results suggest that although mfp-1s from both species complex Fe 3+ (confirmed by resonance Raman analysis), mfp-1 (Mc) is better adapted to accumulate Fe 3+ as a monomer, whereas mfp-1 (Me) aggregates as it accumulates Fe 3+ . These differences in Fe 3+ binding predict that symmetric films of mfp-1 (Me) in the SFA should show excellent bridging cohesion with Fe 3+ , whereas mfp-1 (Mc) should not. The differences might also predict that granules made from mfp-1 (Me) would grow to a larger size that those from mfp-1 (Mc). Both predictions are realized.
In the presence of Fe 3+ , each mfp-1 (Mc) molecule is inclined to collapse, whereas mfp-1 (Me) reaches out to share Fe 3+ with other mfp-1 (Me)s. cDNA-deduced protein sequences of mfp-1 (Mc) 49 and mfp-1 (Me) 50 show that there is a subtle difference in the decapeptide repeat in the two proteins (see Supporting Information, Figure S8 ). The Ala → Ile substitution in the consensus decapeptide repeat of mfp-1 (Mc) could influence the accessibility of Dopa to Fe 3+ . Possibly, the hydrophobic interaction between Ile-3 and Dopa-5 in mfp-1 (Mc) results in a different assembly. An intriguing biological consequence of this is that the granules in the M. californianus (Mc) byssal cuticle are much smaller (∼80%) than those in M. edulis (Me and its subspecies Mg) 5,51 and able to withstand almost twice the strain of those in M. edulis. 4, 5 ■ CONCLUSIONS Cohesive interactions between thin films of mfp-1 (Mc) were shown to depend strongly on the protein concentrations used for surface deposition and are maximal on mica at C fp1 ∼ 50 μg/mL. Cohesion of mfp-1 revealed striking differences upon Fe 3+ addition. For deposition of the protein at C Fe 3+ = 0−100 μM (pH 5.5), mfp-1 (Mc) films seem well adapted for intramolecular iron binding in contrast to the intermolecular binding of mfp-1 (Me). Iron stabilizes the bridging between the mfp-1 (Mc) films at pH 7.5, where most of the mussel foot proteins lose adhesion. The Lys residues flanking Dopa in mfp-1 sequences may be critical to determining the accessibility of Dopa for surface interactions and Fe 3+ binding. Also the alanine (A) → isoleucine (I) substitution in the consensus decapeptide repeat may be responsible for creating two electrochemically distinct Dopa reactivities. Thus, metal chelation, with the right molecular architecture for a peptide chain can be used as a potential strategy to exploit mfp-1 mimetic biomacromolecules at physiological pH for wet adhesive applications. 
